Abstract: A broadband microwave photonic phase shifter based on a single III-V microdisk resonator heterogeneously integrated on and coupled to a nanophotonic silicon-on-insulator waveguide is reported. The phase shift tunability is accomplished by modifying the effective index through carrier injection. A comprehensive semi-analytical model aiming at predicting its behavior is formulated and confirmed by measurements. Quasi-linear and continuously tunable 2π phase shifts at radiofrequencies greater than 18 GHz are experimentally demonstrated. The phase shifter performance is also evaluated when used as a key element in tunable filtering schemes. Distortion-free and wideband filtering responses with a tuning range of ~100% over the free spectral range are obtained. Fedeli, and R. Baets, "Ultralow-power all-optical wavelength conversion in a silicon-on-insulator waveguide based on a heterogeneously integrated III-V microdisk laser," Appl. Phys. Lett. 93(6), 061107 (2008).
Introduction
Over the past years, silicon-on-insulator (SOI) has arisen as the preferred technology platform for implementing passive photonic functionalities. Features such as the transparency of silicon at telecom wavelengths, the high refractive index contrast, which leads to high-density integration, or the compatibility with complementary metal oxide semiconductor (CMOS) technology offer the possibility of device fabrication in the sub-micron scale [1, 2] . However, a major obstacle for large-scale silicon-based electronic-photonic integration is the indirect band gap of silicon, which results in low-efficiency light-emitting. In practice, this fact hampers the assembly of high-performance active devices.
A promising solution for implementing active functionalities using SOI platforms consists of bonding on a direct band gap material, especially those belonging to the III-V group [3] [4] [5] . In particular, InP-based approaches have become of great importance since ultra-compact cavities with low optical loss, together with sufficient confinement, have been recently demonstrated [6, 7] . These properties have been exploited in InP/SOI microdisk-type resonators for the implementation of various functionalities, in the search of a multi-purpose device. Among them, tunable single-wavelength [8] and multi-wavelength [9] lasers, optical gating [10] , electro-optical switching [11] , wavelength conversion [12, 13] , all-optical flip-flop [14] and electro-optical amplitude modulators [15] have already been reported. However, to the best of our knowledge, no efforts have been accomplished using such a device within the field of microwave photonics (MWP) [16, 17] .
MWP enables the generation, transport and processing of radio frequency (RF), microwave and millimeter-wave signals in the optical domain [18] . In particular, reconfigurable and tunable photonic filtering of microwave signals free from bandwidth constraints has focused considerable efforts [19] . To this end, high performance tunable microwave phase shifters and true time delay lines are of key importance. For this purpose, integrated SOI slow-light-based ring resonators have found to be a very promising solution [20, 21] . Specifically, quasi-linear 360° phase shifts with a power penalty of less than 2 dB have been obtained at 40 GHz in SOI dual-microring resonators [22, 23] . Concerning time delaying functionalities, long tunable optical delays over wide bandwidths in novel configurations based on cascaded SOI microrings have also been demonstrated [24, 25] . Besides, the separate carrier tuning technique has been recently used for overcoming the inherent bandwidth limitation when employing microrings [26] . However, the main drawback of SOI-based approaches is connected to its tunability speed. Tunability is commonly carried out by modifying the group index through thermo-optic effects. Therefore, the tunability speed is limited by the silicon thermal dynamics, resulting in tuning times in the scale of hundreds of microseconds [27] .
In this paper, a novel MWP fully-tunable phase shifter comprised of a single InP-based microdisk resonator (MDR) integrated on and coupled to a nanophotonic SOI waveguide fabricated through bonding technology is presented and demonstrated. The tuning control mechanism is based on carrier injection, rather than on the adjustment of the optical wavelength [22] or thermo-optic effects [23] . In this way, the tuning speed limitation is circumvented as dynamics as fast as hundreds of picoseconds can be reached in InP-based materials, resulting in an improvement by more of six orders of magnitude. Finally, the phase shifter is used as a key element in a notch-type filtering scheme yielding distortion-free and wideband response with a tuning range ~100% over the free spectral range (FSR).
Principle of operation
A schematic drawing of the device structure is sketched in Fig. 1(a) . It basically consists of an InP-based MDR cavity with radius R, which is bonded onto a Si waveguide featuring a power coupling factor k. E in (t,z) and E out (t,z) correspond to the input and output electrical fields respectively. Figure 1(b) shows the principle of operation of the InP/SOI MDR based MWP phase shifter. The propagation in such a structure is based on whispering-gallery modes (WGMs), which are confined to the edges of the MDR resulting in a resonant-type response. If an optical single-sideband (OSSB) modulation signal is inserted at the input and accurately placed in the vicinity of a resonance, the optical carrier and the modulation sideband will experience different phase changes according to their spectral positions in the MDR phase transfer function. By acting on the carrier injection into the MDR, the effective index can be modified and consequently the spectral positions of the resonances can be shifted. In this way, the difference between the optical phase shifts experienced by the optical carrier and the sideband can be changed. Both the input optical power and the injection current can be used as control mechanisms for the carrier density (N) thus allowing for controllable tuning of the phase shift difference. Upon beating at the optical detector, this phase shift difference is impressed onto the resulting microwave carrier. The technique of combining OSSB modulation with optical filtering to implement complex-valued filters was originally proposed in [28] , where phase shifters based on fiber Bragg gratings (FBG) instead of InP/SOI MDRs were considered.
Hereafter, a comprehensive semi-analytical analysis aiming at predicting the device behavior is derived. To avoid loss of generality, a double-sideband signal comprised of an optical carrier at optical frequency ω 0 and two sidebands at ω 0 ± Ω is considered at the MDR input 
where k 0 is the propagation constant and Ω is the modulation frequency. |E 0 | and θ 0 correspond to the amplitude modulus and optical phase of the optical carrier, whereas |E +1 |, |E −1 |, θ +1 and θ −1 are those corresponding to the blue and red shifted modulation sidebands, respectively. Equation (1) can be particularized for OSSB modulation by assuming |E +1 | = 0 or |E −1 | = 0. Harmonic distortion effects are neglected because small-signal modulation is considered. After the transient time, the optical complex field at the MDR output can be expressed as a function of the transmission coefficient, T, as
being |H| and φ the amplitude modulus and the phase of the resonant cavity's transfer function, respectively. T|H| < 1 has to be fulfilled to reach the steady state. Therefore, the device must be operated below threshold. The derivation of the cavity transfer function involves the assessment of the propagation equations for all the three optical waves. The propagation equations are formulated in the context of a wave mixing description. Wave mixing in active semiconductor materials has contributions from carrier density depletion, carrier heating, spectral hole burning, two-photon absorption and Kerr effects. However, for modulation frequencies up to some tens of GHz, the dominating mechanism mediating the wave mixing is the carrier density pulsation [29] . In this manner, the ultrafast effects as well as the gain saturation due to amplified emission noise are neglected, which are reasonable approximations in the regime of moderate input optical power. Consequently, the wave mixing problem can be simplified by accounting just for the interactions between the three optical waves as
where γ 0 and ε ± 1 are the complex first-and third-order susceptibilities, respectively. ∆k is the phase-mismatching factor induced by the background and the waveguide dispersions. ∆k = 0 is a good approximation when considering modulating frequencies up to several tens of GHz. Besides, E 0 , E −1 and E +1 refer in this case to the optical waves already travelling inside the cavity.
By solving the set of differential equations depicted in Eq. (3) analogously to [29] , the electrical field for all the three optical waves can be expressed as ( ) 
where F(L) and G(L) respectively stand for the common and the gain grating related complex amplification factors for the device length L = 2πR [29] . By referring Eq. (4) to the electrical field at the input, the MDR transfer function H = |H|e jφ can be derived for all the three optical waves as 
Equations (6) have to be inserted into Eq. (2) to obtain the output complex electrical field for each optical wave. After photodetection, the current beating term oscillating at Ω is then ( ) where t refers to time, ℜ is the detector responsivity and θ out,i = arg(E out,i ), for i = −1,0 or 1. Finally, the electrical power and the phase shift of the microwave output signal is calculated as
where Z 0 is the input impedance of the detector. The phase shift is stated relative to a reference, which is defined attending to the minimum carrier density. In this particular case, |E +1 | = 0 because OSSB is inserted into the MDR.
Phase shifter implementation
Figure 2(a) sketches the experimental setup of the InP/SOI MDR based MWP phase shifter. A CW tunable laser generates a weak spectral line centered at 1562 nm. The input RF signal, s in (t), is imprinted onto the optical carrier by means of an intensity modulator (IM) operated in dual-drive configuration, giving as a result OSSB modulation. The signal at the output of the modulator, which is comprised of two optical waves, is sent into the MDR. Both optical waves are then weighted and phase-shifted accordingly to the MDR transfer function, which can be spectrally shifted by modifying the effective index. To this end, a tunable voltage source is connected to the metal contacts of the MDR with the aim of controlling the carrier injection. Polarization controllers are inserted at both the modulator and the MDR input to avoid power penalty derived from polarization mismatching. Finally, the optical signal exiting the MDR output is detected using a high-bandwidth photodetector (HBW PD), amplified by means of a high-gain electrical amplifier (EA) and acquired by a vectorial network analyzer (VNA) in order to measure the system transfer function. Figure 2(b) shows the schematic drawing of the heterogeneous MDR structure, showing the InP cavity, the SOI waveguide, the bottom and top metal contacts, the tunnel junction and the active layer. The 9-µm-diameter MDR, which includes a tunnel junction for loss minimization purposes, is integrated on top of a SOI waveguide circuit containing a 750-nmwide and 220-nm-high Si strip waveguide using molecular bonding. The straight waveguide only supports the propagation of the TE mode, so the polarization must be controlled at the chip input. Under bias-free conditions the effective index is 3.474, which corresponds to a FSR of 3.054 THz (see Fig. 3(a) ). The width and depth of the periodic response notches are partly fixed by the coupling disk-to-waveguide gap, featuring in this case a k of ~6%. The total area, including both the input and output vertical grating couplers is around 0.1 mm 2 . More thorough details on the fabrication of such a device are given in [11] .
The gain transfer function of the device as a function of the injected current is illustrated in Fig. 3(a) . The gain parabolic profile is as a consequence of the input and output vertical grating couplers efficiency with the wavelength. At 1570 nm, the coupling efficiency is roughly 35%, resulting in total coupling loss of around 9 dB considering both input and output Si-based grating couplers. The insertion loss is as a consequence of combining the coupling loss and the propagation loss. The propagation loss is comprised between 1 and 2 dB depending on the current applied to the metal contacts, giving as a result total insertion loss of around 10 dB. The notch-type transfer function can be progressively tuned by applying different currents. It is important to notice that the notch depth depends on the current as well. By increasing the current, the roundtrip loss in the cavity decreases due to a higher gain in the III-V layer. Conversely, for lower currents the roundtrip losses are greater than the k resulting in sub-coupled regime. Critical coupling gives the maximum notch depth, which occurs for an injection current somewhere close to 0.75 mA, in which both the loss and the k are identical. Over-coupled regime, which means a lower loss value than k, is obtained when applying currents from 0.75 mA on approximately. To develop phase-shifting functionalities, the overcoupled operating regime is desired because a lower power penalty compared to the critical case is featured and still 2π phase transitions in each notch are obtained (see Fig. 3(b) ). This fact sets the minimum injection current to be applied. On the other hand, the upper current limit is imposed by the threshold level. In the inset of Fig. 3(a) , the relative change in the resonance placement as a function of the injected current is plotted. This spectral shift is as a result of the effective index modification due to the generation of free carriers, in combination with the thermo-optic effect. The tuning rate is fitted to be 0.8 nm/mA when considering overcoupling. The resonance placed around 1561.5 nm was chosen for two reasons: the first because minimum insertion losses are achieved, the second because it is placed inside the telecom wavelength region. Figure 3(b) shows a zoomed image of the mentioned resonance. Both the gain and phase transfer functions with the injection current are depicted. Not only can the different operating regimes be distinguished attending to the gain, but also to the phase-shift feature. Large phase change is only achieved when the structure is under critical or overcoupled regime. Detailed gain and phase transfer functions for a current range between 1.5 and 1.8 mA are illustrated in Fig. 4(a) . Both experimental (solid lines) and numerical (dashed lines) results, derived from the model presented in a previous section, show a good agreement. The values of the main parameters used for the numerical calculations are given in Table 1 . The total optical power inserted at the input vertical grating coupler was 1 dBm. Misalignments are mostly due to the nonsymmetrical behavior of the resonances. In the inset of Fig. 4(a) , the spectral placement for both the optical carrier and the modulation sideband within the phase transfer function are also depicted. The optical carrier is fixed and centered at 1562 nm, whereas the frequency of the modulating signal is adjusted from 5 to 20 GHz. When sweeping the injection current from 1.5 to 1.725 mA approximately, the carrier experiences a phase change of nearly 360°. Figure 4(b) shows the experimental (solid lines) and numerical (dashed lines) results for both the phase shift and the power of the detected microwave signal as a function of the injection current. It can be seen that quasi-linear and continuously tunable phase shifts are obtained. The maximum achievable phase shift at a certain frequency is limited by the abruptness of the phase slopes of the transfer function. In particular, a minimum modulating frequency of 18 GHz is required to reach a phase shift of ~2π in this case. The functionality as a phase shifter is also demonstrated for lower frequencies, however, full 360° shifts are not obtained. In such cases, the use of cascaded MDRs represents a suitable solution to enhance the total phase shift. Specifically, by cascading m identical MDRs, the maximum phase shift can be extended by a factor of m. According to the gain transfer function, a phase change is accompanied by a power penalty. A power variation of ~12 dB within the tunability range comprising from 1.5 to 1.725 mA is obtained when Ω = 18 GHz. The RF powers measured at the MDR input (thinner solid lines) are also plotted for the different modulating frequencies as a function of the injection current. By referring the output to the input RF powers, the total loss can be obtained as a function of the injection current and RF frequency. The total loss is as a result of the combining the insertion loss with the loss derived from tuning the phase, i.e., when changing the current. Finally, the total power consumption rises up from 10.1 mW to 14.5 mW when sweeping the injection current from 1.5 to 1.725 mA.
Filter implementation
The suitability of using III-V/SOI-based MDR for implementing MWP phase shifters has been demonstrated in previous sections. Next, this feature is exploited by implementing MWP tunable filtering schemes with complex-valued coefficients. Complex-valued samples in finite impulse response (FIR) filter schemes enables controllable basic phase shift. The capability of changing the basic phase shift results in response tunability without altering the FSR. Hereafter, a proof-of-concept approach involving two taps has been assembled. However, the design can be extended to any arbitrary number of samples. The experimental setup for the MDR-based MWP filter is sketched in Fig. 5 . The MDR is inserted in the lower arm of the interferometric structure. In this manner, the basic phase shift between both taps can be controlled by properly adjusting the injection current into the MDR. The interferometric structure is characterized by a length imbalance of 1.27 m, which corresponds to a notch-type response with a FSR of roughly 163 MHz. A power imbalance between the two taps at the BPD output results in a diminishment of the rejection level. For this purpose, a variable optical attenuator (VOA) is inserted in the upper arm of the interferometric structure. The goal is to compensate the excess loss derived from MDR in the lower arm by attenuating the tap travelling through the upper arm. In this way, the same detected power for both taps is guaranteed at the BPD output, fact which is essential aiming at reaching large rejection level. At the output of the IM, the OSSB signal is amplified by means of an erbium doped fiber amplifier (EDFA). An optical 0.8-nm-wide bandpass filter (OBPF) centered at the carrier wavelength is also used for noise suppression purposes. To avoid coherent-related problems, a balanced photodetector (BPD) is used.
In order to obtain the maximum tunability range, the center frequency of the filter must be high enough to be phase-shifted up to 360°. Moreover, zero phase imbalance between the minimum and maximum modulating frequency along the filter bandwidth is required to guarantee distortion-free filter transfer function. Therefore, the condition of distortion-free is met as far as all the spectral components within the usable bandwidth experience flat phase response. Attending to these requirements, as a proof-of-concept implementation, a center frequency of 20 GHz and an operating bandwidth of 1 GHz have been chosen, i.e. from 19.5 GHz to 20.5 GHz. However, it does not mean that the technology is frequency-limited up to this range. On one hand, in order to get fully tunability from 0 to 2π, a minimum RF frequency of 18 GHz is required. On the other hand, for the purpose of implementing a distortion-free filter transfer function, flat phase response must experience all the frequency components comprising the usable bandwidth. This requirement can be met for a huge spectral range, at least from 1562.15 to 1563.5 nm according to Fig. 4(a) . Therefore, if the usable bandwidth of the filter is accommodated within this broadband spectral range, distortion-free responses will be obtained. Consequently, the maximum operating bandwidth attending to a specific center frequency is completely dictated by the phase slope abruptness of the MDR phase transfer function. Hence, sharpness phase change in the vicinity of the resonance enables the functionality of 2π fully tunable MWP phase shifters starting from lower frequencies. Figure 6 displays the normalized filter frequency response for different injection currents into the MDR. Experimental (symbols) and theoretical (solid lines) results show a good agreement. The small deviations are attributed to reflections in the electrical part of the setup, the residual unwanted sideband in the OSSB modulation and the spontaneous noise. Nearly 2π controllable basic phase shift (∆φ) over the operating bandwidth leads to continuously ~100% fractional tuning of the filter response. It is remarkable that each time the phase is changed for the purpose of tuning the response, the VOA must be properly adjusted. Despite two taps have been considered, the approach can be extrapolated to any arbitrary number of taps. For this purpose, a new arm in the interferometric structure must be inserted when implementing a new tap. Each arm would be composed of a delay line with the corresponding length followed by a MDR and a VOA. Hence, the implementation of N taps involves the use of N−1 MDR acting as phase shifters. It is also important to remark that the tuning range inversely scales with the number of taps. The maximum phase change in this case becomes 2π/(N−1), resulting in maximum tuning ranges over the FSR following FSR/(N−1). Consequently, there exists a trade-off between number of taps and tuning range.
The exploitation of the phase feature provided by ring-type resonators when implementing tunable MWP filters has been previously demonstrated using different schemes based on Si [30, 31] . However, this approach offers unique properties in the context of tuning speed, which is governed by the fast dynamics in the semiconductor. In order to obtain the tuning speed of the device, the small-signal response S21 was measured by deploying the experimental setup illustrated in Fig. 7(a) . The modulating signal was generated by the VNA electrical output in combination with a DC current source generating 1.5 mA. Both signals were combined by means of a T-bias. The VNA output was swept from 300 MHz to 4 GHz and the average power was set to be null. The input optical power at the MDR input was adjusted to 1 dBm. A −3 dB bandwidth of 1.8 GHz was measured, which means that the current applied can operate up to 1.8 Gbps without using any special driving technique [32] , as shown in Fig. 7(b) . 
Summary and conclusions
A novel ultra-small and low-power broadband MWP phase shifter based on a single III-V/SOI MDR in combination with OSSB modulation has been proposed and demonstrated. Quasilinear and continuously tunable ~360° phase shifts have been experimentally obtained when considering radiofrequencies greater than 18 GHz. Phase shift tunability is accomplished by modifying the effective index through carrier injection in the III-V layer. As a consequence, the tunability speed is limited by the carrier dynamics in the semiconductor, which is in the scale of hundreds of ps. This fact greatly improves the performance compared to other similar Si-based approaches, in which the thermo-optic effect is used as tunable mechanism. A semianalytical model has been derived, whose results are in good agreement with the measurements. Finally, the phase shifter is exploited for implementing complex-valued coefficients in tunable MWP filtering schemes. A proof-of-concept implementation involving two taps is demonstrated. Distortion-free and high-bandwidth filter responses with tuning range of ~100% over the FSR have been obtained.
